Introduction.
Flow acoustics concerns three different processes: propagation of sound through flow, generation of sound by flow, and generation of flow by sound [24] , [26] . Correspondingly, there are three main effects: scattering (and refraction), acoustic radiation, and absorption. Refraction alters the direction of a beam of sound and is well studied in geometrical acoustics. Scattering is the redistribution of energy among different wave numbers and/or different components (modes) of the same wave number and results in spectral or directional broadening. Both refraction and scattering processes are commonly assumed to preserve the acoustic energy. This is not the case, however, when the effect of flow-straining is taken into account. As a sound wave propagates through an extensive body of the turbulence it may be attenuated or amplified through two mechanisms: wave mode-coupling and straining. These effects are usually small but can be important in a fluid turbulence with a strong mean flow (like a jet or a grid turbulence in a wind tunnel [4] , [5] , [27] ), especially when both the straining and the mode-coupling are active (see Figures 5  and 6 ).
Turbulent scattering of sound waves has been much studied both theoretically and experimentally since the single-scattering theory of Blokhintzev [3] , Lighthill [23] , and This approximation is valid for very high frequency waves. We do not consider the effect of solid structure (such as walls, edges, corners), so (1)-(2), (3)-(4), or (5)-(6) are studied in an infinite medium (see [17] ).
The effect of molecular viscosity is neglected. Although viscosity is ultimately responsible for the conversion of mechanical energy into heat, it has a negligible influence on the transfer of energy between the sound and the turbulence. The incompressibility of the flow is not essential to our approach; we assume it to simplify the presentation of the method and the results.
Specifically, we assume the background flow field has a small turbulent intensity with a mean flow, u, and write the velocity field as 
R j(x) = (vi(.)vjQ + x)
). The homogeneity of the turbulence is a reasonable assumption for, e.g., the core region of fully developed turbulent (pipe, jet, or grid) flows, or the outer region of a turbulent boundary layer. The incompressibility of the flow requires that the (turbulent) Mach number measured in the reference frame of the mean flow is infinitesimally small (Mf =V/e(v12)/co << 1), while the meanflow Mach number (Ma = iul/co) is assumed to be small to moderate. We assume for simplicity a uniform mean flow, in which case the mean-flow Mach number can be arbitrary. Stratified wind mean velocity profile is an important factor in sound propagation in the atmosphere and the resulting refraction can be accounted for by geometrical acoustics or parabolic approximation. Such an effect is decoupled from the turbulent scattering because of separation of scales.
When the turbulent intensity is small, time dependence of the turbulent fluctuation is negligible compared to the pulsation seen from the moving reference frame of the mean flow. This is called the random sweeping effect [7, 31] and is closely related to the Taylor hypothesis of frozen turbulence [12] . Also, when the turbulent Mach number is small and the incident sound wave lengths are comparable to the eddy sizes, the frequencies of the turbulent pulsations are much smaller than those of the incident sound. Thus only the spatial correlations of the turbulence are pertinent to sound propagation and the turbulence is effectively frozen for our purpose.
The covariance function Rij can be determined from its Fourier transform, which takes the following form in the case of locally isotropic turbulence:
The factor (6ij -kikjlk-2), resulting from the incompressibility assumption, is the projection onto the plane orthogonal to k. A typical example is given by the power-law spectrum and decaying rapidly elsewhere. Kolmogorov's spectrum corresponds to v = 5/3 with f1, fo being the dissipation and the integral lengths, respectively [12] . The form of the velocity field (7) is more of mathematical convenience than necessity. u can be seen as representing the flow component on the integral scale and v/_v as that in the inertial subrange. Small E corresponds, in this connection, to the fact that the integral scale is the energy-containing scale. Indeed, the kinetic energy contained in the shell [k, 2k] diverges as k --0 for any v > 1, including the Kolmogorov spectrum. In this view, (7) is a simple model of real turbulence which may not exhibit separation of scales between the integral scale and the inertial subrange as implied by (7). where the positive definite matrix C = C(x) represents nonuniform materials properties pertaining to the speed of wave propagation and Dj are constant, symmetric matrices. The wave filed w may be a scalar, a vector, or a tensor. In the case of underwater sound propagation in a density stratified fluid, the medium fluctuation occurs in material properties, such as density and compressibility, as opposed to nonuniform movements of otherwise uniform medium, and is relatively small: Assuming the medium perturbation Ci is smooth, wave propagation on the scale of the inhomogeneities is only slightly perturbed. On larger scales, however, multiple scattering results in significant effects. If interactions between the wave and the medium inhomogeneities are incoherent, then we expect a Markovian-type of transport to take place on larger scales. This motivates the transport scaling Before ending the section, we pause to note that the transport limit of the Wigner equation when DJ = G = 0 (i.e., the transport of a passive scalar) has been rigorously obtained by an entirely probabilistic method in [11] . Another case where the transport limit has also been rigorously obtained is the Schr6dinger wave in a random potential of the form (10) [10] (see also [30] and [1] ). In both cases, the unknowns are scalars. In addition, the inhomogeneity of the Schr6dinger equation is in the lower-order term. and the attenuation/amplification coefficient is We have used the multiscale expansions for the Wigner distribution to derive the radiative transport equations that describe the evolution of the correlation of acoustic field and the turbulent scattering, straining, and mode-coupling of sound waves. We have shown that, because of the flow-straining term, the flow-acoustic scattering becomes nonconservative.
The
Further, we have calculated the attenuation/amplification coefficients due to mode-coupling and the scattering with flow-straining, respectively. We show that the absorption or the emission of sound waves is significantly enhanced when both the straining and the mode-coupling are active. The anisotropy of the coefficients is due to the presence of mean flow.
Finally, we have obtained the diffusion equations which describe the transport process in the physical space, and, thus, further reduced the dimension of the flowacoustic equations.
Appendix A. Derivation of the radiative transport equations. We derive the radiative transport equations (28) 
